A partially constitutive mutant strain for penicillin amidase production was derived from the parent strain Bacillus megaterium ATCC 14945 by treatment with UV light. The mutant (B. megaterium KFCC 10029) showed two phenotypical changes in the mode of penicillim amidase production and in the size of cell chains. While the parent strain produced penicillin amidase only in the presence of an inducer, phenylacetic acid, the mutant strain could produce the enzyme without the inducer and the enzyme titer increased three to four times as much as that in the presence of the inducer. The mutant appeared as isolated single cells or short chains on the nutrient agar medium, whereas the parent strain usually appeared as long chains of cells. The composition of media was optimized including the inducer concentration. After finding the optimal sets of operating conditions with regard to the pH adjustment and the inducer addition time in a submerged culture, we were able to increase the enzyme productivity 7 -8 times that without pH control. Although the correlation between two phenotypical changes is not yet clear, the mutant strain can be used as a potent producer of penicillin amidase.
A partially constitutive mutant strain for penicillin amidase production was derived from the parent strain Bacillus megaterium ATCC 14945 by treatment with UV light. The mutant (B. megaterium KFCC 10029) showed two phenotypical changes in the mode of penicillim amidase production and in the size of cell chains. While the parent strain produced penicillin amidase only in the presence of an inducer, phenylacetic acid, the mutant strain could produce the enzyme without the inducer and the enzyme titer increased three to four times as much as that in the presence of the inducer. The mutant appeared as isolated single cells or short chains on the nutrient agar medium, whereas the parent strain usually appeared as long chains of cells. The composition of media was optimized including the inducer concentration. After finding the optimal sets of operating conditions with regard to the pH adjustment and the inducer addition time in a submerged culture, we were able to increase the enzyme productivity 7 -8 times that without pH control. Although the correlation between two phenotypical changes is not yet clear, the mutant strain can be used as a potent producer of penicillin amidase.
Microbial sources of penicillin amidase have been widely used for the production of 6-aminopenicillanic acid (6-APA) from penicillin G. Many microorganisms such as bacteria, fungi, actinomycetes, and yeasts have been extensively studied for production of this industrially important enzyme (1) . Among these microorganisms, Bacillus megaterium has been known to produce extracellular penicillin amidase (2), which is an inducible enzyme. In most cases for the production of penicillin amidase from B. megaterium (2, 4 -7) , the fermentation conditions reported by MURAO et al. (2) have been applied but the productivity of the enzyme is very low under these conditions. 281 VOL. 28 During the course of the development of mutant strains for the improved productivity of penicillin amidase, we were able to isolate a partially constitutive mu- For shaking the culture, 500 ml Erlenmeyer flasks and a reciprocal shaker with a temperature controller were used. The culture was carried out in the media described above for 48 -72 hr at 30°. For inoculation, the cells in logarithmic phase (after cultivation for 12 hr) were used with 5 % inoculum size. To test the effect of pH control and the effect of phenylacetic acid, a Bioflo 500 ml culture apparatus (NBS Model C-30) equipped with sterilizable pH electrodes (NBS galvanic type) and 5 l fermentor (Marubishi MJ-5L-2) were used.
The submerged culture was carried out at 500 rpm agitation and 2 vvm (vol/ vol/min) aeration rate for 22-28 hr with 10% inoculum size. The induction of penicillin amidase was initiated by adding 0.3 % phenylacetic acid to the culture medium after an incubation period of 8 hr.
Determination of enzyme activity. The activity of penicillin amidase was determined by measuring the amount of 6-aminopenicillanic acid produced in the reaction mixture. The enzyme reaction was carried out in the presence of 1 benzylpenicillin in 0.1 M borate buffer (pH 8.7) and the enzyme, at 40°.
The p-dimethylaminobenzaldehyde (p-DAB) method of BALASINGHAM et al. (8) was used for the quantitative determination of 6-aminopenicillanic acid. One unit of the enzyme activity was defined as the amount of the enzyme required to produce 1 ,umol of 6-aminopenicillanic acid per hour under the specified conditions.
RESULTS

Mutant selection
Bacterial cells at the logarithmic growth phase were collected, washed with 50 mM phosphate buffer solution (pH 7.2) containing 0.4% NaCI and 0.02 MgSO4.7H2O, and diluted to about 2 x 106-1 x 108 cells per ml. Subsequently, UV light irradiation with a 15 W UV lamp at a 27 cm distance or the ethylmethanesulfonate (EMS) treatment was carried out for the induction of mutation. The EMS treatment was followed by N-methyl-N'-nitro-N-nitrosoguanidine treatment as described by ADELBERG et al. (9) .
After the UV light or EMS treatment, LD 99.9 (Lethal dose 99.9 %) for each treatment was determined by plating on Soytone-agar medium. The selection criteria of mutants were based on auxotrophism, morphological change, constitutiveness for the penicillin amidase production, and the increased resistance to penicillin G.
Mild treatment with UV light (for 3 -4 min at the specified condition) appeared to induce mutation for the gene locus of penicillin amidase more effectively than the EMS or UV light treatment at LD 99.9. Five constitutive mutants were isolated according to the selection criteria described above. For selection of the mutant with high enzyme-producing potency, one of these strains was treated with mild UV light repeatedly. The mutant thus obtained was deposited at Korea Federation of Culture Collections of Microorganisms (KFCC) as B. megaterium KFCC 10029.
Characteristics of mutant strain
The most prominent physiological distinction of the mutant compared with that of the parent strain was the partial constitutiveness for the production of penicillin amidase.
As shown in Table 1 , the parent strain produced penicillin amidase only in the presence of an inducer, phenylacetic acid. However, the mutant strain was able to produce the enzyme without phenylacetic acid, and the addition of the inducer (0.3 %, w/v) enhanced the enzyme production 3-fold. After growing the microorganisms on the nutrient agar medium at 30° for 18 to 24 hr, the morphological differences between the mutant and the parent strain were observed under a microscope. As previously reported by MURAo et al. (2) , the parent strain usually occurred as filaments or long chains ( Fig. 1-A) , whereas the mutant strain appeared mostly as isolated single cells or short chains (Fig. 1-B) .
Effect of carbon and nitrogen source
The mutant was able to assimilate various carbohydrates, but the highest enzyme production was attained with glucose or maltose ( Table 2) . Among the various nitrogen sources, Bacto-Soytone and Casitone (Bacto) appeared to be good nitrogen sources for the culture of the mutant. An inorganic nitrogen source such as NH4Cl showed very low enzyme productivity (Table 3) . It was also found that Soytone (Difco) gave better productivity of the enzyme by the mutant than Phytone (BBL).
As shown in Figs. 2-4 , optimum concentrations of the nutrients such as glucose, Soytone, and yeast extract were studied. The enzyme activity, in spite of the continued increase in cell mass, reached a maximum level at 1.0 % glucose concentration and then gradually decreased accompanying a decrease in pH (Fig.  2) . The enzyme activity, dry-cell weight, and final pH of the culture broth were Both strains were cultured on the nutrient agar media for 18 hr at 30°.
gradually increased by increasing the Soytone concentration up to 2.5 % (Fig. 3) . Yeast extract up to 0.5 % increased the enzyme activity (Fig. 4) .
Effect of inducer
The addition time and concentration of phenylacetic acid were critical for the maximum production of penicillin amidase by the mutant of B. megaterium. It is of interest to note that the mutant produced the enzyme even without an inducer, phenylacetic acid. Under this condition, the enzyme productivity was 15 u/ml culture broth. However, the addition of the inducer enhanced the enzyme production to its maximum level of 45 u/ml broth at 0.3 % PAA concentration (Fig. 5) . A higher concentration of PAA above 0.3 % decreased the induction effect of the Table 2 . Effect of various carbon sources on the production of penicillin amidase. enzyme. The parent strain produced the enzyme only 12 -14 u/mi at the optimum PAA concentration, 0.15 %. As shown in Fig. 6 , the correct time for PAA addition was found to be after 8 hr of cultivation, at which time the enzyme activity increased by 30 % with respect to that obtained with PAA addition at the initial stage of the culture. Earlier addition of phenylacetic acid may reduce the bacterial growth and consequently lower the enzyme productivity. The inducer was also less effective for the enzyme production when it was added to the culture medium after 8 hr. Figure 7 shows the time course of the enzyme production in a submerged culture. The final pH of culture broth reached 8.8-9.1 after 24-48 hr of cultivation in flask cultures, while a rapid increase of pH was observed in a submerged culture and reached pH 9.5 after 36 hr. The enzyme activity reached a maximum level within 24 hr, but the enzyme productivity was only 7 -8 u/ml, which was lower than that obtained from the shaken culture (42-46 u/ml). This may be due to the rapid increase in pH of the culture broth. It was demonstrated that the B. megaterium was cultured in Soytone-liquid medium containing 2.5 % soytone, 1.0% glucose, 0.5% yeast extract and 0.01 % Neoline 202. The inducer in a given concentration was added at 8 hr of cultivation. submerged culture with pH control resulted in marked enhancement of the enzyme production (Fig. 8) . When pH was adjusted to 8.5 after the addition of PAA, the penicillin amidase activity was increased to 40 u/ml after 24 hr of cultivation. To enhance the enzyme productivity, pH of culture broth was adjusted to pH 8.5 with 10% HCl after 8 hr of cultivation.
The results suggested that pH control of the culture broth was critical for the production of penicillin amidase by the mutant strain.
It was also thought that the maintenance of proper PAA concentration during the induction period of the cell would be very important for the further improvement of the enzyme productivity. In fact, the second addition of 0.3 % phenylacetic acid with a 4 hr time interval after the 1st addition of the inducer at 8 hr of cultivation time increased the enzyme productivity up to the level of 53 u f ml of culture broth at the time of 20 hr cultivation (Fig. 9 ). This result was reproduced by a large scale culture of the strain in a 5 l jar fermentor. In the later experiment, we were able to obtain 85 of ml of culture broth by the addition of 0.3% PAA twice. However, there was no effect with the 3rd addition of the inducer at the time of 19 hr cultivation when the enzyme productivity reached almost a maximum level (Fig. 9) . It was of interest to note in all cases of the submerged culture that the cell growth entered a stationary phase after 12 hr of cultivation, while the enzyme production took place continuously for a period from 8 hr to 24 hr of the cultivation time. The results suggested that the enzyme induction might take place during the period of the logarithmic phase, while the enzyme production might continue for about 10 hr through the period of the stationary phase.
DISCUSSION
The mutant strain B. megaterium KFCC 10029 obtained in the present experi- Fig. 9 . Time course of the enzyme production with pH control and multiple addition of phenylacetic acid. Phenylacetic acid (0.3%) was added twice at 8 hr and 12 hr of cultivation, respectively, and the 3rd addition of PAA was carried out after 19 hr of cultivation. Temperature was maintained at 33° for 8 hr and then adjusted to 30°. ment, demonstrated partial constitutiveness for the production of penicillin amidase and showed cell growth on the minimal medium. The selection of constitutive mutants for inductble enzymes has been very important for understanding the molecular mechanism of the induction effect as well as the improvement of enzyme production in practice. Various selection methods have been developed for /1-galactosidase from E. coli (3, 10, 11) and amidase from Pseudomonas aeruginosa (12) .
The partially constitutive mutant of B. megaterium isolated in the present work showed an increased tolerance to higher concentrations of phenylacetic acid above 0.15 % at which the growth of the parent strain was inhibited a little, resulting in the decreased enzyme productivity.
In submerged culture without pH control, the low enzyme productivity could be ascribed to the rapid enzyme inactivation at higher pH of fermentation broth. This is readily seen by the rapid increase in pH during fermentation (pH 9.2 after 24 hr). In view of the relatively long time required for attaining the optimal pH range (pH 8.5 -8.7) for the parent strain (55 -60 hr), the rapid increase in pH during fermentation of the mutant strain (pH 8.5-8.7 after 8 hr) could contribute to the shortening of the cultivation period for the maximum enzyme production. Thus, it is likely that the control of the culture pH at 8.5 is favorable for both prevention of the rapid enzyme inactivation in the high pH region and for increase in the enzyme synthesis resulting in the enhancement of enzyme production.
During the cultivation of the mutant strain of B. megaterium, the maximum productivity of penicillin amidase was obtained by the addition of an inducer, phenylacetic acid, at the logarithmic phase, i. e., 8 hr after cultivation. The maximum productivity of the enzyme was attained at the time of 20 -24 hr of cultivation after the addition of the inducer in the culture of the mutant strain. The time period for the enzyme production was considerably reduced for the mutant strain in comparison with that required for the parent strain (70 -72 hr) (13) . The 2nd addition of 0.3 % phenylacetic acid at the late logarithmic phase resulted in a better inductive effect on the enzyme production. This effect was prominent for the submerged culture with a 5 l jar fermentor and we were able to obtain maximum enzyme productivity up to 85 u/ml. However, the enzyme production was decreased by PAA concentration above 0.3 %. Thus, it appeared that the maintenance of the optimum PAA concentration was very important for maximizing the enzyme productivity during the logarithmic phase. After 12 hr of cultivation, the PAA addition had no effect on the increase in enzyme productivity. The results suggest that the inducer effect occurs actively during the cell logarithmic phase rather than at the stationary phase.
